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hytochromes are photoreceptors that perceive red and far-red light in plants, bacteria, cyanobacteria, and fungi (1) . Recently, unique phytochrome-related photoreceptors have been discovered in cyanobacteria. These receptors bind a linear tetrapyrrole molecule in their cGMP phosphodiesterase/adenylyl cyclase/FhlA (GAF) domain that is distinct in amino acid sequence from the GAF of phytochromes (2) . To date, several GAF domains of these photoreceptors have been analyzed and shown to photoconvert reversibly between violet-/yellow (3), blue-/green (4-6), or green-/red light-absorbing forms (7, 8) ; this photoconversion contrasts with the red/far-red photoconversion of phytochromes. Mass spectrometry and biochemical studies suggest that their chromophore species and configuration in the GAF domain are highly divergent from those of the phytochromes (5, (7) (8) (9) (10) (11) . Because these photoreceptors are found only in cyanobacteria, they have been called "cyanobacteriochromes" (2) .
Cyanobacteria use phycobilisome (PBS) as a light-harvesting antenna. Phycobilisome is composed of a rod and a core structure, each of which is composed of pigmented phycobiliproteins and associated linker proteins (12) . In certain species, the rod contains two kinds of phycobiliproteins-phycoerythrin (PE) and phycocyanin (PC), which harvest green light (GL) and red light (RL), respectively. It has long been known that many of these species are able to increase their PE/PC ratio under GL and reduce it under RL in a process called "complementary chromatic adaptation" (13) (14) (15) . There are two groups of cyanobacteria that change the PE/PC ratio in different manners (15, 16) . One group regulates only PE synthesis by GL and RL (group II), whereas the other group regulates both PE and PC synthesis (group III). The molecular mechanism of complementary chromatic adaptation has been studied extensively in Fremyella diplosiphon (Calothrix or Tolypothrix sp. PCC 7601), which performs group III chromatic adaptation (15) . A series of mutational studies has suggested that a GAF/histidine-kinase type cyanobacteriochrome, RcaE, induces the expression of PC and associated linker genes via phosphorylation of two response regulators, RcaF and RcaC, under RL (17) (18) (19) . Although RcaE is suggested to repress the expression of PE and associated linker genes under RL (20) , these genes still are induced by GL in both rcaE and rcaC mutants (21) (22) (23) , suggesting another pathway for induction of PE genes. In addition, the biochemical characteristics of RcaE protein, such as its spectral properties, chromophore species, and phosphorylation state, still are largely unknown (24) .
Recently, another GAF/histidine-kinase type cyanobacteriochrome, CcaS, was discovered in Synechocystis sp. PCC 6803 (S. 6803), which possesses PC but not PE in the PBS. CcaS covalently binds the linear tetrapyrrole, phycocyanobilin, at a conserved Cys residue of the GAF domain and undergoes reversible photoconversion between green-and red-absorbing forms with Z-E isomerization of the phycocyanobilin (8) . Notably, the GAF domain of CcaS is homologous to that of RcaE, suggesting that RcaE also perceives GL and RL by a similar mechanism. However, CcaS has enhanced phosphorylation activity upon GL irradiation, an activity which apparently contrasts with the putative RL-activated phosphorylation of RcaE (8) . In addition, CcaS directly transfers phosphates to the OmpR-class response regulator (CcaR) in vitro, differing from the putative three-component phosphorelay of RcaE to RcaF to RcaC. Both ccaS and ccaR are clustered with the rodcore linker of PC (cpcG2) in the genome of S. 6803 and have been suggested by microarray analysis to be involved in its transcriptional regulation (25) .
Interestingly, ccaS and ccaR orthologs are clustered with several PE and PC genes in the filamentous N 2 -fixing cyanobacterium, This article is a PNAS Direct Submission.
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Nostoc punctiforme ATCC 29133 (PCC 73102), which performs group II chromatic adaptation (16) . In this study, we deleted ccaS or ccaR in N. punctiforme and examined the responses of the mutants to GL and RL. Our results suggest that CcaS and CcaR regulate PE accumulation under both GL and RL in N. punctiforme, providing insights into the GL-sensing mechanism of PE accumulation and also into the evolution of the two different types of complementary chromatic adaptation.
Results
The PBS proteins in N. punctiforme are encoded by several gene clusters in the genome (Fig. S1) . In one such group, cyanobacteriochrome ccaS and response regulator ccaR are clustered with genes for a rod linker of PE (cpeC), a rod-core linker of PC (cpcG2), and a putative transcriptional activator of PE (cpeR1) (Fig. 1A) . The gene arrangement of ccaS, ccaR, and cpcG2 in N. punctiforme is similar to that found for S. 6803 (8) . CcaS protein consists of an Nterminal transmembrane helix, a cyanobacteriochrome-type GAF domain, two Per/ARNT/Sim (PAS) domains, and a histidine-kinase domain (Fig. 1B) . The domain organization of N. punctiforme CcaS is identical to that of S. 6803 CcaS, and their sequences are very similar (77% similar residues, 62% identical residues). The GAF domain of N. punctiforme CcaS was purified from phycocyanobilinproducing Escherichia coli and showed reversible photoconversion between the green-absorbing form (Pg; absorbance maximum at 536 nm) and the red-absorbing form (Pr; absorbance maximum at 672 nm) ( Fig. 1 C and D) . Covalent binding of a linear tetrapyrrole chromophore was confirmed by detecting fluorescence of the denatured protein after SDS/PAGE (Fig. 1E) . The molar extinction coefficients of the Pg and Pr peaks were calculated as 27,000 M , respectively. These features are almost identical to those of S. 6803 CcaS (8) . CcaR is an OmpR-class response regulator that consists of a two-component receiver domain and a DNA-binding domain, and its sequence also is very similar to that of S. 6803 CcaR (83% similar residues, 73% identical residues). These findings indicate that N. punctiforme CcaS and CcaR are orthologous to S. 6803 CcaS and CcaR, leading to predictions that CcaS/CcaR regulates cpeC, cpcG2, and cpeR1 expression by GL and RL in N. punctiforme.
We allowed for the complete acclimation of N. punctiforme cells by culturing the cells in liquid medium for long periods (6-8 days) under GL or RL. We then analyzed their absorption spectra and their transcription of the PE and PC genes. For the absorption spectra of wild-type N. punctiforme cells (normalized to the PC peak maxima), the absorbance of the PE peak was substantially greater under GL than under RL ( Fig. 2A) , indicating that N. punctiforme cells accumulate PE upon exposure to GL. It should be noted that the PE peak never completely disappeared under RL, even after full acclimation. Interestingly, Northern blotting showed that the expression levels of cpeC and cpcG2 were significantly higher under GL, whereas they were hardly detectable under RL ( Fig. 3 A and B) . The maximum size of the cpeC and cpcG2 transcript was ∼2 kbp. Although we could not detect cpeR1 transcripts by Northern blotting analysis, RT-PCR analysis showed that cpeR1 expression also was induced by GL but not by RL (Fig. 3G) . Similarly, transcripts that span cpcG2-cpeR1 and cpeC-cpcG2-cpeR1 were induced by GL but not RL. These points suggest that cpeR1 is cotranscribed with cpeC and cpcG2 as a polycistron under GL (designated as the cpeC-cpcG2-cpeR1 operon). We also found that the expression level of the phycobiliprotein operon of PE (cpeB-cpeA) was ∼2.5-fold higher under GL than under RL in the wild-type cells, although the expression was not completely suppressed under RL (Fig. 3C) . Conversely, the expression levels of another rod linker of PE (cpeE), another rodcore linker of PC (cpcG1), and the phycobiliprotein operon of PC (cpcB-cpcA) were 1.0-to 1.5-fold higher under RL than under GL ( Fig. 3 D-F) . RT-PCR analysis showed the expression of another putative transcriptional activator of PE (cpeR2) was not significantly changed under GL and RL (Fig. 3G) .
To study the roles of ccaS and ccaR in PE accumulation, we replaced these genes with the neomycin-resistance cassette from pSCR9 (26) . We evaluated the full segregation of the ccaS or ccaR gene by PCR ( Fig. S2 A and B) and examined the pigmentation and expression of PBS genes under GL or RL. In the absorption spectra of the ccaS mutant, the height of the PE peak under both GL and RL was ∼70% that of the wild type under GL (0% is the level in the wild type grown under RL) (Fig. 2B ). This finding indicates that the ccaS mutant constitutively accumulates a certain level of PE under both GL and RL. Northern blotting showed that the expression of cpeC and cpcG2 under both GL and RL was ∼40% that of the wild type under GL ( Fig. 3 A and B) . In addition, RT-PCR showed that the expression of cpeR1, cpcG2-cpeR1, and cpeC-cpcG2-cpeR1 also was constitutively expressed under GL and RL (Fig. 3G) . These results indicated that, in the ccaS mutant cpeC-cpcG2-cpeR1 was constitutively expressed under both GL and RL at a lower level than found for the wild type under GL. The expression of cpeB-cpeA under both GL and RL was similar to that of wild type under GL. Thus, the ccaS mutant also constitutively expressed cpeB-cpeA, although, unlike cpeC-cpcG2-cpeR1 expression, cpeB-cpeA expression was not decreased by the mutation (Fig. 3C) . Whether the ccaR mutant had been cultured under GL or RL, the PE peaks of its absorption spectra were of the same intensity as that of wild type under RL, for which a very slight PE peak was seen (Fig. 2C ). This result indicates that the ccaR mutant is defective in GL-induced PE accumulation. The expression of cpeC and cpcG2 was hardly detectable under GL or RL by Northern hybridization (Fig. 3 A and B) . RT-PCR showed that the expression of cpeR1, cpcG2-cpeR1, and cpeC-cpcG2-cpeR1 also was suppressed under both GL and RL (Fig. 3G) . These results indicate that the ccaR mutant is defective in GL-induced cpeC-cpcG2-cpeR1 expression in addition to PE accumulation. The expression level of cpeB-cpeA in the ccaR mutant was as low as that of wild type in RL (Fig. 3C) , although expression was slightly higher in RL than in GL. Conversely, the expression levels of cpeE, cpcG1, cpeR2, and cpcBcpcA were not much changed in either the ccaS or ccaR mutant under either light condition (Fig. 3 D-G) , indicating that expression of these genes is not regulated by CcaS or CcaR.
Because deletion of ccaR resulted in complete loss of GL-induced cpeC-cpcG2-cpeR1 expression, we postulated that CcaR directly regulates this expression. We examined the ability of CcaR to bind to the promoter region of cpeC-cpcG2-cpeR1 using the electrophoretic mobility shift assay. CcaR was purified from the soluble fraction of E. coli as an N-terminal His-tagged protein (Fig. 1D) . When the purified CcaR protein was mixed with a DNA fragment containing the upstream region of cpeC, the CcaR-DNA complex was formed (Fig. 4A, lanes 1-4) . The formation of this complex was inhibited by addition of unlabeled probes but not by addition of a nonspecific DNA fragment (Fig. 4A, lanes 5 and 6) , suggesting that the CcaR protein specifically binds upstream of this operon. Sequence alignment shows that there is a conserved direct repeat of [CTTTNCNATTT] × 2 (designated as the G-box) in the upstream region of N. punctiforme cpeC and S. 6803 cpcG2 (Fig. 4B) . These results suggest that CcaR directly binds to the G-box in the promoter of cpeC-cpcG2-cpeR1 and regulates its expression.
Discussion
In this study, we found that cpeC-cpcG2-cpeR1 expression and PE content are strictly regulated by GL and RL in N. punctiforme. We Fig. 2 . Pigmentation of PE and PC. Absorption spectra of wild type (A), ccaS (B), and ccaR (C) mutants that had been incubated under GL (green line) or RL (red line). The spectra were normalized to the PC peak maxima. The four major peaks are those for the absorbances of PE, PC, and Chl. Their photographs in liquid medium also are included in each graph. Fig. 3 . Transcription of PE and PC genes. Northern blots of transcribed PE and PC genes in the wild type and in the ccaS (ΔccaS) and ccaR (ΔccaR) mutants that had been incubated under GL (green bars) or RL (red bars). Extracted RNA was separated, blotted, stained with methylene blue for control of rRNA, and then hybridized with 32 P-labeled probes of cpeC (A), cpcG2 (B), cpeB-cpeA (C), cpeE (D), cpcG1 (E), or cpcB-cpcA (F). Quantitation of each band is shown by the height of the corresponding bar below the gel lane. Wild type under GL was set to 100% to compare relative expression levels. Error bars indicate SD of three independent experiments. (G) RT-PCR analysis of cpeR1, cpcG2-cpeR1, cpeC-cpcG2-cpeR1, and cpeR2 using spanning primer sets shown in Fig S1. RT-PCR analysis of 16S rRNA also was included as positive (+RT) and negative (−RT) controls.
demonstrated that chromatic regulation of cpeC-cpcG2-cpeR1 expression and chromatic regulation of PE content were completely lost in both ccaS and ccaR mutants. In addition, the recombinant CcaR protein directly bound to the promoter region of cpeC-cpcG2-cpeR1. These results suggest that CcaS regulates cpeC-cpcG2-cpeR1 expression via phosphorylation of CcaR, leading to chromatic regulation of PE content in the PBS.
In the ccaR mutant, cpeC-cpcG2-cpeR1 expression was completely suppressed under both GL and RL. This result indicates that CcaR is a transcriptional activator for cpeC-cpcG2-cpeR1 expression and is consistent with our earlier finding that cpcG2 expression is significantly decreased in the S. 6803 ccaR mutant (25) . In addition, this result suggests that there is no other dominant transcriptional activator for cpeC-cpcG2-cpeR1 expression, although N. punctiforme harbors a total of 102 response regulators (27) . We speculate that the conserved G-box motif enables the specific interaction between CcaR and the cpeC-cpcG2-cpeR1 promoter. We showed that N. punctiforme CcaS and CcaR are orthologs of those in S. 6803. In our previous in vitro assay, S. 6803 CcaR was directly phosphorylated by CcaS under GL rather than under RL (8), suggesting that N. punctiforme CcaR also is phosphorylated by CcaS under GL. In this study, GL irradiation induced cpeC-cpcG2-cpeR1 expression in wild-type N. punctiforme. These results strongly suggest that the phosphorylated state of CcaR is responsible for activation of cpeC-cpcG2-cpeR1 expression.
Deletion of ccaS resulted in decreased cpeC-cpcG2-cpeR1 expression under GL, also suggesting that CcaS phosphorylates CcaR under GL in vivo. Notably, this low level of cpeC-cpcG2-cpeR1 expression never disappeared under either light condition in the ccaS mutant, whereas the expression was suppressed completely in the ccaR mutant. This difference suggests that a CcaSindependent but CcaR-dependent pathway constitutively activates cpeC-cpcG2-cpeR1 expression in the ccaS mutant. In fact, N. punctiforme possesses a total of 153 histidine kinases (27) , which may phosphorylate CcaR in a GL/RL-independent manner, leading to a constitutively low level of cpeC-cpcG2-cpeR1 expression. However, cpeC-cpcG2-cpeR1 expression was suppressed in wild type under RL. This suppression indicates that CcaR is not phosphorylated under RL in the presence of CcaS, despite the weak phosphorylation by other histidine kinases, and strongly suggests that CcaS not only phosphorylates CcaR under GL but also dephosphorylates CcaR under RL.
It is commonly accepted that many histidine kinases catalyze both phosphorylation and dephosphorylation of the cognate response regulator (28) . This bifunctionality is thought to prevent the undesirable phosphorylation of the response regulator by noncognate histidine kinases. We assume that both GL-induced phosphorylation and RL-induced dephosphorylation activities are essential so that CcaS can strictly control the phosphorylation state of CcaR by GL and RL. Notably, mutation of rcaE resulted in constitutive expression of PC genes under both GL and RL in F. diplosiphon, suggesting that RcaE also possesses both phosphorylation and dephosphorylation activities (15) . From these results, we propose a molecular mechanism for complementary chromatic adaptation in N. punctiforme (Fig. 5) . Under GL, CcaS phosphorylates CcaR, and the phosphorylated CcaR binds to the G-box in the cpeC-cpcG2-cpeR1 promoter, activating its expression. Under RL, CcaS dephosphorylates CcaR, so the dephosphorylated CcaR does not bind to the cpeC-cpcG2-cpeR1 promoter, and its expression remains suppressed.
We also found that cpeB-cpeA expression is partially regulated by GL and RL. In F. diplosiphon, the regulatory protein CpeR is induced by GL and activates the expression of cpeB-cpeA (23, 29) , although the mechanism for its activation is not known. In N. punctiforme, one of the cpeR genes (cpeR1) was induced by GL (Fig. 3G) , suggesting that CpeR1 activates cpeB-cpeA expression under GL. Interestingly, N. punctiforme possesses a second copy of the cpeR gene (cpeR2) that is homologous to cpeR1 (84% similar residues, 64% identical residues), and cpeR2 was not significantly regulated by GL and RL (Fig. 3H) . These facts suggest that both CpeR1 and CpeR2 activate cpeB-cpeA expression under GL, whereas only CpeR2 activates expression under RL (Fig. 5) . Indeed, cpeB-cpeA expression and PE accumulation never stopped under RL in wild type even after full acclimation ( Fig. 2A and Fig.  3H ), whereas cpeR1 expression was shut down completely. It has been reported that several cyanobacteria species do not completely suppress PE synthesis under RL (16), possibly suggesting a common cpeR1 and cpeR2 organization in these species.
We demonstrated that CcaS/CcaR is the GL-sensing system for PE accumulation in N. punctiforme. Although the genomes of other group II chromatic adapters have not yet been sequenced, we assume that CcaS/CcaR is conserved in these strains because their acclimation is very similar to that found for N. punctiforme (16, 30) . In F. diplosiphon, a group III chromatic adapter, RcaE/ RcaF/RcaC serves as the RL-sensing system to induce PC accumulation, whereas an additional unidentified GL-sensing system has been implicated to induce the expression of PE genes. Could this GL-sensing system be CcaS/CcaR? Although the complete sequence of the F. diplosiphon genome has not been reported yet, that of another group III chromatic adapter, Synechococcus sp. PCC 7335 (GenBank; ABRV00000000), harbors RcaE/RcaF/RcaC but not CcaS/CcaR. This point may mean that the additional GL-sensing system for PE accumulation of group III strains is not CcaS/CcaR. Conversely, a system homologous to RcaE/RcaF/RcaC is not found in the genome of N. punctiforme, suggesting that N. punctiforme uses only CcaS/CcaR for group II chromatic adaptation.
Our results and those of previous studies (15) suggest that group II and group III chromatic adaptations are regulated by two distinct cyanobacteriochromes, CcaS and RcaE, respectively. Notably, the GAF domain of CcaS shows the greatest sequence similarity (68% similar residues, 51% identical residues) to that of RcaE among all sequenced cyanobacteriochrome GAF domains. Residues that form the chromophore-binding pocket of CcaS also are highly conserved in RcaE (8) . In addition, the N-terminal receiver domain of CcaR shows a high level of sequence similarity to that of RcaC (74% similar residues, 54% identical residues). These features strongly suggest that CcaS/CcaR is closely related to RcaE/RcaF/ RcaC. We assume that CcaS/CcaR is the prototype for RcaE/RcaF/ RcaC because the domain organization, phosphorylation pathway, and target PBS genes of CcaS/CcaR are much simpler than those of RcaE/RcaF/RcaC. The evolution of CcaS/CcaR to RcaE/RcaF/ RcaC may have enabled certain group II chromatic adapters to regulate many more PBS genes by GL and RL, leading to the emergence of group III chromatic adapters that change the PE/PC composition more dynamically (16, 31) . On the other hand, some marine cyanobacteria recently have been reported to change their "chromophore" (phycourobilin and phycoerythrobilin) composition of PE responding to blue light and GL, a change that is called "group IV (type IV) chromatic adaptation" (32) . However, we assume that this type of acclimation is regulated by other molecular mechanism(s), because no cyanobacteriochrome gene was found in the genome of these species.
It is generally known that composition of PE, PC, and chlorophyll (Chl) is affected not only by light color but also by light intensity (33) . This fact led to confused arguments in early times about whether light color or light intensity regulates chromatic adaptation. Subsequent analyses have suggested that the ratio of PE/PC is regulated by light color to harvest light energy maximally (16) , whereas the ratio of PBS/Chl is regulated by both light color and light intensity to compensate their excitation imbalance (34) . In this study, we demonstrated that the PE/PC ratio of N. punctiforme is regulated predominantly by light color via the CcaS/CcaR system, which is specialized to perceive GL and RL. Notably, we also found that the expression of cpeE, cpcG1, cpcB, and cpcA was 1.0-to 1.5-fold higher under RL than under GL in wild-type cells and in ccaS and ccaR mutants (Fig. 3) . This expression seems to reflect the increase of PBS/Chl under irradiation of RL that excites Chl more preferentially than PBS. The difficulty of early studies might be that they mixed the adaptation of PE/PC ratio (regulated by CcaS or RcaE) with that of PBS/Chl ratio.
To date, group II chromatic adapters have been thought not to regulate PC synthesis by GL and RL (16) . However, the expression of cpcG2 is induced, along with cpeC and cpeR1, by GL in N. punctiforme. In S. 6803, disruption of cpcG2 results in a decrease of PC content (35) . This finding suggests that GL-induced CpcG2 posttranslationally stabilized PC, leading to PC accumulation, although this effect was not so dramatic in this study. Interestingly, CpcG2 possesses a hydrophobic helix at its C terminus and is implicated in energy distribution from PBS to photosystem I in S. 6803 (35) (36) (37) . This finding may suggest that N. punctiforme increases not only the PE/PC ratio but also energy transfer to photosystem I under GL. It will be important to resolve the relationship between chromatic regulation of linker genes and the roles of their proteins.
Material and Methods
Strains and Growth Conditions. The sequenced substrain (UCD153) of N. punctiforme ATCC 29133 was used as wild type (38) . N. punctiforme cells were grown in liquid BG11 medium (39) SDS/PAGE and Spectral Assays. SDS/PAGE and detection of fluorescence of phycocyanobilin was performed as described previously (8) . Absorption spectra of the GAF domain were measured at room temperature using a UV-2400PC spectrophotometer (Shimadzu). Absorption spectra of N. punctiforme cells were measured at room temperature using a U3500 spectrophotometer (Hitachi) with an end-on photomultiplier.
Plasmid Construction. The sequence of each primer is listed in Table S1 . Construction of ccaS and ccaR deletion plasmids is shown in Fig. S2 . To make the expression construct of the GAF domain of N. punctiforme CcaS, the coding region was amplified with the primer set NpCcaS-16/NpCcaS-15, cloned, sequenced, and subcloned into the NdeI/BamHI sites of pET28a (Novagen). To make the expression construct of N. punctiforme CcaR, the primer set NpCcaR-1/NpCcaR-2 was used for PCR, and the subsequent procedures were as described above.
Protein Expression and Purification. The His-tagged GAF domain of N. punctiforme CcaS was expressed in BL21(DE3) harboring the phycocyanobilinproducing vector, pKT271 (40), as described (8) with slight modifications. We added 50 μM δ-aminolevulinic acid but no FeCl 3 to the LB medium. We used 1 mM isopropyl-thio-β-D-galactoside for induction. His-tagged N. punctiforme CcaR was expressed in BL21 (DE3) as described above but without addition of δ-aminolevulinic acid. Cell breakage and protein purification were performed as described (8) , except that CcaR was isolated with a purification buffer that contained 500 mM NaCl.
RNA Analysis. RNA was extracted from 70-mL N. punctiforme liquid cultures at midlogarithmic growth phase (A 750 nm = 1.0-1.5). Liquid cultures were cooled quickly with ice and then centrifuged at 4,000 × g for 5 min at 4°C. Cell pellets were moved to microtubes and centrifuged again; then 300-μL volumes of Tris-EDTA (pH 7.5) and 500-μL volumes 0.1 M Tris-buffered phenol (pH 7.5) were added to each pellet. Cells were broken by vortexing in a bead beater (Microsmash MS100R; Tomy) in the presence of zirconia/silica beads at 5,000 rpm for 3 min. The aqueous phase was collected and sequentially treated with acidic phenol, phenol-chloroform, and DNase I; then the RNA was precipitated using ethanol. For Northern blotting, the total RNA (5 μg/lane) was separated by electrophoresis through an agarose-formaldehyde gel. RNA was transferred overnight to a nylon membrane (Biodyne-plus; Pall) using 20× SSC (3 M
